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SOMElUTK?l!SOF SMI&SC~ JIGOWDISTURBANCEON

MMZLJZ-BURNERJ?I&@

By EdgerL. Wonq\

Small-diameter-wiregridswereusedasturbulencegeneratorsina
l/2-inchnozzleburnertoproducelaminar-likepropane-airflamessubject
to flowdisturbancesofa smallscalecomparedtothereaction-zone
thickness.

Bothlaminar-likeandbrush-likeflameswereobtained.Somelaminar-
likeflamesw=e obtained(forgrid-disturbedflow)whichhada slightly
higherburningvelocitythan‘!true”laminarflames(nogridused).This
findingagreeswithDamkohlertstheoryontheeffectsof small-scale
turbulence.

Thebrush-likeflamesweresimilartothoseobtainedwithpipetur- .
bulentflow. Thus,theirburning-velocitydependenceona “flowdis-
turbance”Reynoldsnunibercomparedfavorablywiththatobtainedforpipe
turbulentflames.

Hot-wire-anemometermeasurementsofflowdisturbanceintensitywere
madeinthecoldflowwithandwithcutthegridsinplace.Themeanflow
velocityrangewasfrom100to 1400centimeterspersecond;equivalence
ratiosrangedfrom-0.99to 1.32,dependinguponthemeanflowvelocity.

lX’1RODUCTIOl’1

Oneofthepurposesofturbulent-conhstionresearchistoprovide
a betterunderstandingofthemechanismgover~ theconimstion
performanceof jetengines.Oneap~oachtothis~oblemisto studythe
effectofturbulenceontheconibustionwave. inthepastmostinvestiga-
tionshavebeenconcernedwithturbulencewherethescaleislargecom-
paredtothereaction-zonethickness.Inthisreporttheeffectsas-
sociatedwithsmall-scaleturbulence(scale~ reaction-zonethickness)
areinvestigated.
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2 N4CATN3765

Damkohler(ref.1)hasconsider~theeffectsofsmall-scaleturbu-
lenceontheconhstionwave. Inthepresenceofsmall-scaleturbulence, ‘
theconhstionwave,accordingtohistheory,remainsundistorted,but
thetransportprocessesareincreasedasa resultof eddydiffusion.E
thisistrue,thesmall-scaleturbulentandthelaminar

-L@
flamesaresimilar

inappearancefora givenfuelmixtureandmeanflowvelocityandyet
havedifferentburningvelocities,theturbulentflamehavingthehigher
burningvelocity.Themagnitudeofthisincreasemaybe predictedbythe g
followingequation(ref.1):

(1)

Thisreportobservesthispredictedeffect.Sma~-diameter-wire
gridsw=e usedtoproducesmall-scaleflowdisturbancesintheflow
througha l/2-inchnozzleburner.Theintensitiesofflowdisturbance
ut/U weremeasuredinthecoldflowby constant-temperaturehot-wire-
anemometerequipment.Thescaleoftheflowdisturbancewasnotmeasured.
Bothlaminar-likeandbrush-likeflameswereproducedusingthegridsas ,
flowdisturbancegenerators.TheburningvelocitiesoftheI.aminar-like
flamescouldbemeasuredasreliablyasthoseof ordinarylaminarflames,
andthechangesinburningvelocityarecomparedwiththatpredictedby
Damkohlercstheory.Thephysicalappearanceandburning-velocityde-
pendenceuponReynoldsnuniberforthebrush-likeflamesareconqy=wedwith
thoseforpipeturbulentflames.

tractionofopenarea

pipe

wtie

ornozzle-burner

diameterofgrid

SYMBOIS

ofgrid

portdiameter

Eulerianscaleofturbulenceorflowdisturbance

Lagrangianscaleofturbulenceorflowdisturbance

Lagrangiancorrelationcoefficient

Reynoldsnumber,U~v
.

,

‘@grid gridReynoldsnuniber,U~/v x l/A
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. turbulenceorflowdisturbanceReynoldsnuniber,u’~v

reaction-zonethickness

time

characteristictimeofturbulenceorflowdisturbance,~ur

meanflowvelocity

laminarbur?xtngvelocity

grid-disturbedlaminarburningvelocity

flow-disturbedorturbulenceburningvelocity

rmslongitudinalvelocityfluctuation

intensityofturbulenceorflowdisturbance

distancedownstreamofgrid

thermaldifY?usivity

eddydiffusivity

kinematicviscosity

ctiacteristictimeof cotiustion>~e/UT

equivalenceratio

Al?Pms ANDPROCEDURE

Foursmall-diameter-wiregridswereselectedonthebasisofDrydents
equations(ref.2),whichdescribetheturbulencescaleandintensity
behinda gridplacedinan airstream.Descriptionsofthegridsandtheir
expectedturbulencescalesandintensitiesarelistedintableI. The
gridswereplaced3/4inchupstreamoftheportinthestraightsection
ofa l/2-inchnozzleburner(seefig.1). This3/4-inchlengthre~esented
a distanceofatleast80wirediametersbehindeachgrid,winch}accord-
toreference2, isnecessaryto obtainisotropicturb~ence”.

Thel/2-inchnozzleburnerhada convergingsectionwitha contrac-
tionratioof 64andanannul.uspilotandwaswatercooled(fig.1]. The.

-.. — .—.——.— —.—— — — --- -—--- — —.— ..-_ -——-



4 NACATN 3765

top3/4-inchstraightsection,containingthepilotandthewaterjacket, .
wasmadedetachablesothatthevariousgridscouldbe placedinposition
to generatedifferentlevelsofflowdisturbance.Thecalmingsectionwas
packedwithnumerousl/16-inchI.D.stainless-steelttiesabout5 inches
longto straightentheflow.

Theconibustiblemixturewaspropaneandairatroompressureand
temperature.Themeanvelocityattheportwasvariedfrom100to 1400
cm/seccoveringa rangeofnozzleReynoldsnunhrs,basedontheport
diameter,of825to Id.,600. Theequivalenceratioq wasvariedfrom g
0.99to 1.32,dependingupontheflowvelocity.Atvelocitiesabove500
cm/see,nearstoichiometricflamesoftenblewoffinspiteoftheannular
pilot,anditwasnecess@ touserichermixtures(q= 1.20to 1.32).

RESULTSANDDISCUSSION

CharacteristicsofColdFlowDisturbances

Constant-temperaturehot-tie-anemometerequipmentwasusedto
measureflowdisturbanceintensitiesuc/U generatedinthecoldflow
by thevariousgrids.Theprobewasa 0.04-by 0.0002-inchtungstenwtre
placedattheburneraxis1/16inchabovetheport. Thedatafromthe
measurementsarelistedintableII. Figure2 showsthemeasuredflow
disturbanceintensities(uncorrectedforwirelen@h)plottedagainstthe
meanflowvelocityforthefoursmall-scaleturbulencegrids,a 0.0177-
inch-diameter-wiregrid,andnogrid. The0.0177-inch-tiegridwasnot
expectedto producea smallscalecomparedtothereaction-zonethick-
ness;itwasusedinthepartoftheworkdealingwithturbulent
burning-velocitymeasurementsforbrush-likeflamesinorderto obtain
dataathighervelocityfluctuations.‘I’M0.0177-inchgridhasa nomi-
nalmeshsizeof16anda 50-percentopenarea.

h general,themeasuredpeak u*/U valuesforthefoursmaller
gridswereabout40 percentlowerthanthosepredictedbytheintensity
equation(ref.2). Thisdiscrepancyisnotsurprisingsincetheexperi-
mentalconditionsweredifferent;otherinvestigators(refs.1 and3)
havefoundsimi- disagreementbetweenmeasuredandpredictedvalues
basedontheintensityequation.

As a resultoftheworkofreference4, itisbelievedthatthefour
smallergridsmayhaveproducedflowdisturbancesinthetransition
region.Thewakedevelopmentbehindcircularcylindersisstudiedinref-
erence4,anditisshownthattherearethreecharacteristiccylinder
Reynoldsnuniberrangesforvortexshedding.Theserangesare:

“/
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Vortex-sheddingrange ]Reynoldsnuniber

Stablerange,regularvortex 40<Re<150
streetsformed,noturbulence

Transitionrange I 150<Re<300

Eregularrange,periodicformation300<Re~10,000
ofvorticesaccompaniedwithtur-
bulentvelocityfluctuations

u% ~
Calculationofa gridReynoldsnuuiber~ x.1(ref.5)foreachof

thefoursmallergridsshowedthatnearthepeak u*/U valueforeach
ofthegrids,thegridReynoldsnunberwasabout140,whichcorresponds
quitecloselytothebeginningofthetransitionrangeforcircular. cylinders.Table11liststhegridReynoldsnunibersforthevariousgrids
at severalvelocities.TherangeofReynoldsnti=s foreachgridwas
small,andevenforthelargestofthefoursmallergrids,the0.0090-
inch-wiregrid,thegridReynoldsnunibersrangedonlyfrom21to 296.
Thus,itmaywell.be thattheflowdisturbancesproducedby thesesmall
gridsw=e inthestableandtransitionrangesofvortexshedding.The
calculationofgridReynoldsnumberforonlythe0.0177-inchgridshowed
thattheflowdisturbanceswerewe~ intotheirregularrange,sincethe
gridReynoldsnunibersrangedfrom63to 780. Consequently,themore
appropriateterm“flowdisturbance”ratherthan
describethegrid-disturbedflow.

Some ut/U measurementswerealsomadeat

probe7/16and1: inchesabovetheport. These

turbulencewasusedto

theburneraxiswiththe

measurementsarecompared

intableIIIwiththosemadewiththeprobe1/16inchabovetheport.At
7/16inchabovetheportthe ur/U vaiuesw&e 5 to 10percentiOwer,

andat1: inchabovetheportthe ut/U valueswere~~to 3 timeshigher.

Theloweruc/U valueatthe7/16-inchpositionindicatedthattheprobe
wasprobablyina regionwherenormaldecayofflowdisturbancewasoc-

curingbehinda grid;thehigherut/U valueatthe$-inchposition

indicatedthattheprobewasin.aregionwheretheflowdisturbancelevel
wasincreasedby contributionsfromthefree-jetmixingregion.

Thelaminsrvelocityrangeof110to 600cm/secforthenozzleburner
withnogridwasthatrangeoverwhichlaminar-likeflamescouldbe ob-
Served. However,forthisvelocityrangeresidualvelocityfluctuation
valuesrangingfrom1.2to 2.8cm/secwereobserved,whiclDsuggeststhat,
forthistypeexperimentalapparatus,theobserved“laminqr”velocity
mightbe slightlydependentonflowrate.

----- .-. -.-— — —— .—— .-. —-



6 NACATM3765

Sinceno scalemeasurementsweremade,theappropriateequation .
(ref.2)wasusedto calculatetheflowdisturbancescaleproducedby the
smallergrids.Fora distancedownstreamofthegridof3/4inch,the
scalevalueswereabout0.0125centimeterforallfourgrids. /’

AppearanceofFlamesSubjectto Small-ScaleFlowDisturbance

Twodistinct-es offlameswereobservedwhenthefoursmaller
gridswereusedto produceflowdisturbancesinthecoldflow.

Laminar-likeflame.- Theftisttypewaslaminar-likeinappearance
andwasfoundinthevelocityrangeof 150to 600cmfsecwhenthe0.0055-
inch-wtregridwasused. V- lowintensityflowdi&brbanceswerepro-
ducedinthisregion.Figure3 showsa griddisturbedandanundisturbed
propane-airflameforan equivalenceratio qJ of1.00anda meanflow
velocityU of328c~secwithandwithouta O.0055-inch-wtregridin
place.

A total-areamethod,basedontheluminouscone,wasusedto compsre
burningvelocities, andtheresultsareshownintableIV. Theburning
velocitiesobservedforlaminar-likeflamesw=e about5 percenthigher
thanthosefor“true”laminarflames(nogridused).This5-percentin-
crease,althoughsmall,maybe significantsincetheburning-velocity
increasepredictedby equation(1]

—

isalsoverysmall.

A predictedburning-velocityincreasewascalculatedusingthe
cedimgequation,wheretheeddydiffudvitye wasdeterminedfkom
Taylor’s‘theory-ofdiffusion(ref.6): -

“&= Ut 2

Theupperlimitof integrationT

S=9U
o

was the
bustion:

pre-

at

characteristictimeof com-

with ~ evaluatedby assumingthatthereaction-zonethickness~re was ..

.

0.05centimeterandtheturbulenceburningvelocityUT was1.05 UL

—.- —- . -——.——— .-— —-..
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(UL= 35 cm/see).TheLagrangiancorrelationcoefficient~~ was.
assumedto havetheobservedform(ref.2]:

wherethecharacteristic

For ut/U= 0.7 percent
fromref=ence7 that

timeoftheturbulencetu isdefinedas

and U= 400cm/sec(seefig.2),itfollows

7

Theaboveanalysisresultedina predictedburning-velocityincreaseof
about3 percent,whichcomparedwellwiththeobservedincreaseofabout

-, 5 percent.

Brush-likeflame.- Thesecondtypeofflamewasslightlywrinkled
orbrush-likeinappearance,dependinguponthemagnitudeoftheflow
disturbanceproduced.Theseflameswerefoundinthevelocityrangeof
600to1200cm/see,a rangeinwhichtheflowdisturbanceintensitywas
appreciable.Withthe0.0055-,0.0075-,and0.0090-inchgridsatveloci-
tiesgreaterthan700cmfsec,theflsmesappeeredsimilarto pipeturbu-
lentflamesobservedby otherinvestigators.Figure4 showssomeofthese
flow-disturbed,richpropane-airflamesata velocityof1013cm/sec
usingthesethreegrids.

Ina furtherattemptto obtainlaminar-likeflamessubjectto small-
scaleflowdisturbancesatvelocitiesabove600cm/secja mixtureof3
percentpropane,17percentoxygen,and80percentnitrogen(ref.8)was
usedto obtainflameswiththickerreactionzones.Reference9 indicates
thatthereaction-zonethicknessforsuch& flamevariesinverselywith
theproductofthedensityoftheunburntgas,theflamespeed,andthe
meanmold spectiicheat. F& theWecedingmixturethedensityandthe
meanmolalspecificheatareapmoximate+ythesameasthosefora near
stoichiometricpropane-airmixture,buttheflamespeedratioisabout
l/2. Thus,forthismixturethereaction-zonethicknesswasapproximately
doubled.However,theflamesobtainedwerealsowrinkledorbrush-like
inappearance..

TurbulentBurningVelocitiesforSomeFlow-DisturbedFlames.

Turbulentburningvelocitiesforthebrush-likeflameswerecalcu-
latedonthesamebasisasusedinreference10. Theburningvelocity

. . .. . -— .—— — ..—- —.. — -—— -— ---
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wastakenas eqml tothevolumeflowdividedby a meanflamearea,which “
wasbasedona linefairedthroughthecenterofthevisibleflamebrush.
Thethreelargergrids(wirediam.,0.0177,0.0090,and0.0075in.) were ,,I
usedto producetheserich,flow-disturbedpropane-airflames((p= 1.01
to 1.32).

Theresultsoftheturbulentburning-velocitymeasurementsarelisted
intableV andsunmarizedinfigure5. Thedataareplottedina manner
similsrto thatusedinreference10,inwhichthecorrelatingparameters

0“26 andReynoldsmntibecRe. I?@comparison,thedataofWere @Ldp
reference9 andofthepresentinvestigationareplottedintermsof

.26 ut’w
%/%%m and Ret= —, a Reynoldsnuniberoftheflowdisturbancev
(fig.5). Sucha plotmaybe usedsince,for
pipeturbulence,the

firthe@ta of
assumingthat~ =
diameterburnerwere

followingrelationshold
thecaseoffullydeveloped
(ref.10):

U1 =

reference10,
0.08~ (ref.

k2xu

theterm UT/~@&26 wascalculated
n). Sincedataforthe5/8-inch-

used,~ equals0.127centimeter.Ret wascal-
culated,assumingthat ue = 0.03U (ref.12). A leastsquaresline
throughthesecalculatedvaluesmaybe expressedby

UT = 1.23[Ret)0”222uL~C&26

I!&thepresentdata,U@&?~6 wasobtainedassuming~~ could

be calculatedfromtheappropriateequation(ref.2). Thecalculated
~ valuesfromthe0.0090-and0.0075-inch-diameter-w5regridsare
listedintableI. lbrtheO.0177-inch-diameter-wiregrid,~ was
estimatedtobe about0.0125centimeter.(Thescaleequationofref.2
isnotapplicablewhen x < 80wirediam.) Ret forthethreegridswas
calculatedusingmeasuredvaluesof u? and% = 0.0125centimeter.
A leastsqmes ltiethroughthesedatamaybe representedby theequation G

UT
— = 3.61(Ret)0=286
uL#&26

,.‘

.—.. -— — . . -—-—— —— -
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. I?or-Poses ofcompsringthetwosetsofdata,thecorrelating
curveforthedataofreference10maybe normalized.Thisnormalized
curve(dashedlineoffig.5)hasitsslopepreservedandintersectsthe
lowestRes valueobtainedhereinfrombrush-likeflames.Thus,for
therangeof Res investigated,bothsetsofdata,oneforpipeturbu-
lentandtheotherforgrid-disturbedflames,showapproximatelythesame
relationbetweenturbulentburningvelocityand Ref.

CONCLUSIONS

Thedisturbedlaminar-likeflsmeshadburningvelocitiesabout5
percenthigh= thanthoseobservedfortheundisturbedlaminarflames,
whichagreeswithDamkohler~swedictions.I& smalL-scaleflowdis-
turbancesof significantlyhigherintensities,brush-likeflameswereob-
served.Theseflamesweresimilarto pipeturbulentflameswithregerd
totheirphysicalappearanceandburning-velocitydependenceontheflow
disturbanceReynoldsnuniber.

Obtaininglamine.r-likeflameswithflowsinwhichflowdisturbance
intensitieswerehighwouldhavebeendesirable.However,velocities
above600centimeterspersecondinvariablyresultinbrush-likeflames.
Thisimbilityto obtainlaminar-likeflamesathighflowdisturbance
intensitiesmaybe associatedwithseveralpossiblefactors:

(1)Althoughthegridsmaybe generatingsnial.1-scaleflowdisturb-
ancesneartheport,thescaledoesnotnecessarilyremainsmallrela-
tiveto thereaction-zonethicknessat somedistanceabovetheport.

(2)If,as indicatedinreference13,theeffectofapproachstream
turbulencescaleonflame-fhontdistortionisunimportant,thenthebrush-
likeflamesmayresultwhena smalldisturbanceproducedby a gridis
amplifiedby theflameitselfasdescribedina discussionby G. H.
Markstein(ref.14). ,

(3)Sincea portionoftheflsmewasprobablyintheintensemixing
regionabovetheport,theflame-frontdistortionsmaybe dueto a ~s-
turbancefromthejetshearingactionbetweenthecouibustiblegasand
secondaryairinthisregion.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,May24,1956

.
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TABLEI. - DE8CRII?TIONOF EWUL-WIREGRIDS

A$D33xPEc!rEDTum3mENcEsf3uEs

ANDINI!ENSITIES

in.

0.0035 90 49
.0055 42 59
.0075 26 65
.0090 20 67

@ected
turbulences

1
Scale,Intensity
%2 u’h

percent

To.12 2.00
.13 2.75
.13 3.75
.12 4.30

aScaleandintensiiv. calculatedby the
followingeqyations(ref.2)for
x= 3/4in.:

[~j2=0.264~ +0.04(& 8Jj]

($2= 400~+o.04& 80)]

--—— ..— — — ——. —-... . . . . -- —.-——. .— --.. -—
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TABLEII.- MEMURED ~W DISTURBANCEINTEWSIT12%AND GRIDREYNOIW NGMBERSAT

VARIOUSME&XKCOW VELOCITIES

Wire dlemeter of grid, in.
flow
veloc- r?o grill o.ca55 0.0055 0.0075 0.0390 0.0177
ity,u,‘now
~Bec Flow

disturb-dieturb-
Re@d mwmb Rem~& Fhwwwb Rewid Flmwwb Remd Fl?lwb Re=.d

antein-ancein- eacein- ancein- ancein- enceint-
ensity,tensity, tensity> te?mity, teneity, teneity,
uf/u, ut/u, ut/u, uf/U, utfl~ uf/U,
percentpercent percent percent percent ~rcent

107 1.02 1.05 13 1.12 16
212

1.10 20
.80

1.10 21
●82 25

1.12 63
.86 33 .80 46 .76 45 .72 124

316 .66 .72 37 .74 49 .74 61 .64 67 3.14 184
3s4 .60 .65 45 .68 59 .58 74 .62 81 3.24 224
452 .56 ---- 53 .80 69 .82 86 .81 100 4.00 265
705 ,48 .80 83 .68 108 1.s4 134 2.96 156 4.16 413
957 .42 .72 1.13 1.42 147 1.76 182 2.s4 212 3.60 560
1210 .40 .86 142 1.50 186 1.54 230 2.70 268 3.32 708
X534 ---- .94 1.57 1.44 205 ---- --- 2.60 296 3.26 7s0

.
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TliBIXIII.- VARIATIONOF

DISTURBANCEINTENSITIES

Wire
diameter
ofgrid,
in.

0.0090

0.0075

0.0055

ABOI?
Meanflow
relocityj

u,
C3njsec

710
1332

hmAsumDFLow
WITHHEIGHT

:BURNERPORT

Ratioofflowdis-
turbanceintensi~,u’/U

Eeightabuveburner,in.

~ #

($ (b)

0.87 1.6
.90. 1.84

710 0.94 3.3
1332 .95 2.6

711 I 1.00
1332 I

aRatioof uf/U tiues at 7/16in.over
u‘N valuesat 1/16in.aboveport.

%tio of u’fi valuesat1:in.over
u’/U valuesat1/16in.aboveport.

TABLEIv.- BURNING-VEIQCITYCOMPARISONS

HETWEENGRID-DIS~ ANDUNDISTWBEO

PROPANE-AIRFIAMw

Meanflow
velocity,

u,
cm~sec

164

328

493

Equiv-
alence
ratio,
Q

Flame
axea,
alj
Sqcm

Grida

Flame
are8,
a2~
Sqcm

No @db

Burning-
veloci~
ratio,
U~ a2
y%

0.99 ] 4.95I 5.13 ] 1.06

%aminsr-likeflames.
%l?ruelamiusrflames.

.-. —..-— -. . ..-. —



‘JYi6LEv. -lmBuuNTBum?ING—~~ FORSQMEGRJD-INIUOED

I

1!
I

4313n
now
reb2.-
lty,

Zi%c

500
494
498
497
498

794
794
794
1060
1080

1060
853
853
853
1194

1194
1190
1330

‘011.mm

‘low,

/!C eec

632
625
627
629
651

992
992
992
1340
1340

1340
1078

I
1510

1510

kwiv-

Lence

Wtio,
v

1.31
1.01
1.0s
1.14
1.20

1030

I
1.31
1.31

1.31
1.28

I
1.31

1.31
1.32
1.24

1
Wire F’lme
aieJn-erea,
eter Sq ml
of
grid,
in.

).017713.62

I
U.*9O
12.03
12.22
12.40

.007524.2L

.C09021.02

.017720.30

.007530.10
,008026.80

.017725.CQ

.007525.70

.00s025.00

.01771.9.83

.Ooso30.05

.017726.80

.007532.90

.007532.40

mum

iu?bulent
mlrning
elocity,

UTJ

cm/eec

46.4
52.5
52.1
51.5
50.8

40.9
47.2
48.8
44.6
50,0

53.7
42.0
43.2
54.4
50.2

56.4
45.7
51.9

‘PROPANE

7Blocity,UL$
cm/Bec

33.2
38*O
37.3
39,2
58.6

35,8

I
33.2
33.2

33.2
35.1

1
33.2

33.2
32.2
36.2

1.s7
1.46
1.40
1.31
1.32

1.21
1*4O
1.44
1.34
1.51

1.62
1.19
1*24
1.55
1.51

1.70
1.42
1.43

MEs

T
@026 UT

(d u#!&=’

cm-l

o. 4.28
4.57
4.38
4.08
4.13

3.80
4.37
4.52
4.3.9
4.71

5.06
3.72
3.87
4.85
4.73

5.32
4.43
4●48

he longi-
tu&l.neJ
velocity
mlctuation

u’,
cm/sec
(b)

2;45

I

14.s
23*3
31.4
17.8
29.7

36.9
15.4
24.6
32.0
32.5

39.7
18.6
20.8

1.99

I
1.16
1.89
2.55
1.45
2.42

3.00
L*25
2.00
2.60
2.64

3.23
1*51
1.69

%lculatedwithequationofref.2 for x = 314in.;%, for0.0177-in.gridestimatedto be
0.01.25Cnlo

..

bFromfig. 2.
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